The performance characteristics of the E-test (AB Biodisk, Solna, Sweden), the ATB Staph, the Rapid ATB Staph, and the Vitek GPS-503 card (bioMérieux, La Balme Les Grottes, France) methods for the detection of oxacillin resistance in a collection of staphylococci with a high proportion of troublesome strains were evaluated. Sixty-four Staphylococcus aureus strains and 76 coagulase-negative staphylococcal strains were tested. All strains were mecA positive and were characterized by the oxacillin agar screen plate test; 75 (53.6%) were found to be heterogeneous by a large-inoculum oxacillin disk diffusion assay, and oxacillin MICs for 89 (63.6%) were <32 g/ml. Three (4.7%) S. aureus strains and 25 (32.9%) coagulase-negative strains were classified as susceptible by the E-test, as defined by the National Committee for Clinical Laboratory Standards (NCCLS) oxacillin breakpoint (MIC < 2 g/ml). The ATB Staph method failed to detect oxacillin resistance in 7 (11%) S. aureus isolates and 32 (42.1%) coagulase-negative isolates. The MICs for all but six of these discrepant isolates were <16 g/ml. The Rapid ATB Staph method was tested against S. aureus strains only and yielded 15 (23.4%) false-susceptible results for strains for which the MICs were <32 g/ml. The Vitek system was the best-performing system, since it failed to detect oxacillin resistance in only 3 (4.7%) S. aureus strains and 15 (19.7%) coagulase-negative strains, the MICs for all of which were <2 g/ml. These data indicate that (i) the performance of the two ATB Staph systems can be limited when the prevalence of borderline-heteroresistant staphylococci is high and (ii) the unreliability of the E-test and the Vitek methods for detecting resistant coagulase-negative strains might be reduced by the potential revision of the oxacillin breakpoint currently recommended by the NCCLS.
Oxacillin-resistant staphylococci are major nosocomial pathogens with frequent multiple resistance, leading to the overuse of glycopeptides in therapy. One of the priority measures to decrease this strong antibiotic pressure is to optimize the detection of oxacillin resistance in clinical laboratories. The heterogeneous resistance of many strains (4, 9, 24) makes this detection a constant challenge for clinical laboratories. Recent evidence suggests that the heteroresistance of staphylococci is linked to the inactivation of transcription regulators, such as the sar regulon (6) and the sigma-B operon (36) . Several studies have raised concerns over the failures of the conventional methods to detect such resistance and have led to various recommendations to enhance the expression of the resistance in vitro (2, 4, 8-11, 17, 20-23, 25, 27, 31, 33, 37) . At present, the detection of the mecA gene, which is responsible for methicillin resistance in practically all clinical methicillin-resistant staphylococcal strains (9, 24, 28) , is considered the reference test (2, 4, 7, 17, 23, (25) (26) (27) (28) 32) . In spite of the growing consensus in the literature for this method, it is not yet available in all clinical laboratories, and the alternative reference test remains the oxacillin agar screen plate test (1) . Both mecA detection and agar screening have been used as "gold standards" for the evaluation of commercial methods (12-14, 16, 22, 25, 26, 33-35, 38) . Automated systems are widely used in clinical laboratories, but they may lack accuracy for the detection of heterogeneously resistant isolates (9, 17, 22, 25) . However, in the past few years, several reports have emphasized the performance characteristics of different rapid methods, such as the Rapid ATB Staph (bioMérieux, la Balme-Les Grottes, France) system (26) , the Rapid MicroScan panel (Baxter Microscan, West Sacramento, Calif.) (25, 35) , and the Vitek system (bioMérieux Vitek, Inc., Hazelwood, Mo.) (13, 25) . In particular, Knapp et al. (13) showed the usefulness of the Vitek system for the detection of low-level-expression class isolates of Staphylococcus aureus and Staphylococcus epidermidis. However, these authors raised concerns over the accuracy of the Vitek system for detecting borderline-susceptible isolates that lack mecA (14) . Moreover, the Vitek system may miss a significant number of coagulase-negative staphylococci that have the mecA gene and for which the oxacillin MICs are in the susceptible range (1 to 2 g/ml) (22) .
The purpose of this study was to evaluate the E-test system and three automated systems currently used in France, the ATB Staph, the Rapid ATB Staph, and the Vitek systems, and to compare their performance characteristics for the detection of oxacillin-resistant staphylococci. These methods were tested against a difficult population of S. aureus and coagulase-negative staphylococcal strains, previously characterized by the PCR amplification of the mecA gene and the oxacillin agar screen plate test. Half of the challenge strains were selected because they exhibited heteroresistance when tested by a largeinoculum disk diffusion assay.
MATERIALS AND METHODS
Organisms tested. Sixty-three clinical isolates of S. aureus and 76 clinical isolates of coagulase-negative staphylococci were determined to be oxacillin resistant because of the presence of the mecA gene. The strains were isolated between May 1995 and December 1996 from the following clinical specimens (the numbers of S. aureus and coagulase-negative staphylococcal isolates, respectively, are in parentheses): blood (11 and 20) , urogenital tract (24 and 14), cutaneous-mucous specimens (20 and 29) , respiratory tract (6 and 4), joint fluid (1 and 1), pericardic fluid (0 and 1), cerebrospinal fluid (0 and 1), digestive tract (1 and 4), and transplant device (0 and 2). The S. aureus and coagulase-negative staphylococcal strains were collected from 27 and 29 different care units, respectively, in the universitary hospital in Rouen. Strain ATCC 43300, a mecA-positive heteroresistant S. aureus strain, was used as the reference strain. Isolates were identified as S. aureus or coagulase-negative staphylococci by colony morphology, Gram stain characteristics, coagulase reactions, and the Pastorex Staph Plus test (Sanofi Diagnostics Pasteur, Marnes la Coquette, France). Strains were stored frozen in glycerol at Ϫ70°C and subcultured to ensure purity before testing. All strains were oxacillin resistant, as determined by the PCR amplification of the mecA gene described below. Thirty-two (50%) of the S. aureus isolates and 45 (59.2%) of the coagulase-negative staphylococcal isolates were intentionally included in the study because they exhibited a heterogeneous phenotype when tested by the disk diffusion assay, as described below. All isolates for which the results of different methods were discrepant were tested twice.
Amplification of the mecA gene. For preparation of a template from staphylococcal cells we used a simplified procedure, which does not require lysostaphin lysis. Two microliters of a 2ϫ McFarland suspension of cells was heated in the presence of 10 l of Genereleaser (BioVentures, Murfreesboro, Tenn.), a reagent which sequesters cell lysis products, directly in the amplification tube of a GeneAmp PCR system 2400 (Perkin-Elmer Cetus, Norwalk, Conn.). A ninetemperature, one-cycle DNA extraction program was conducted as recommended by the manufacturer. Subsequently, 40 l of the PCR reagent mixture was added to the PCR tube to initiate amplification. PCR was performed with the following primers, previously designed by Geha et al. (7) : mecA 1 (5Ј-GTA GAA ATG ACT GAA CGT CCG ATA A) and mecA 2 (5Ј-CCA ATT CCA CAT TGT TTC GGT CTA A). The PCR reagent mixture consisted of 200 M concentrations of deoxynucleoside triphosphates (dNTPs), 10 mM Tris (pH 8.3), 50 mM KCl, 1.5 mM MgCl 2 , a 0.25 M concentration of each primer, and 1.25 U of Taq polymerase (Appligene Oncor, Gaithersburg, Md.). DNA amplification was carried out with the following thermal cycling profile: initial denaturation at 94°C for 5 min, followed by 30 cycles of amplification (denaturation at 94°C for 15 s, annealing at 55°C for 15 s, extension at 72°C for 30 s), ending with a final extension at 72°C for 2 min. A positive result was indicated by the presence of the 310-bp amplified DNA fragment revealed by electrophoresis on a 1.5% agarose gel at 130 V for 45 min. Results were obtained within 4 h. Each PCR assay included strain ATCC 43300 as a positive control and water as a negative control.
Oxacillin agar screen method. Agar screen tests for susceptibility to oxacillin were performed as directed in National Committee for Clinical Laboratory Standards (NCCLS) guidelines (21). For each isolate, 100 l of a 0.5ϫ McFarland suspension was streaked on a Mueller-Hinton agar plate supplemented with 4% NaCl and 6 g of oxacillin per ml. The plates were then incubated for 48 h at 35°C. Any growth on the plate was recorded as indicating oxacillin resistance.
Disk diffusion testing. The disk diffusion assay was performed with 5-g oxacillin disks and a 10 8 -CFU/ml inoculum. The disks were placed on MuellerHinton agar plates (Becton Dickinson, Cockeysville, Md.) not supplemented with NaCl; the plates were then incubated for 48 h at 30°C. Strains were considered resistant when the diameter of inhibition was Ͻ20 mm, in accordance with the French recommendations (3), and when any growth around the disk was observed. Strains were considered heterogeneously resistant when partial growth within the inhibition zone or microcolonies around the oxacillin disk were observed.
Determination of MICs. The MICs of oxacillin were determined by means of the E-test (AB Biodisk, Solna, Sweden), performed according to the manufacturer's recommendations. E-test strips were placed on Mueller-Hinton agar plates containing 2% NaCl, which enhance the growth of microcolonies and the expression of the resistance. These plates were inoculated by swabbing the surfaces with a 0.5ϫ McFarland suspension for S. aureus strains or with a 1ϫ McFarland suspension coagulase-negative staphylococcal strains. The plates were then incubated at 35°C for 24 h.
ATB Staph system and Rapid ATB Staph system. Susceptibility testing was performed according to the manufacturer's recommendations (bioMérieux). Briefly, a 0.5ϫ McFarland emulsion of isolated colonies in sterile saline was added to 7 ml of the ATB medium (Mueller-Hinton broth supplemented with 5% NaCl). The final inoculum was transferred into an oxacillin (2 g/ml) well and incubated for 24 h at 35°C. The Rapid ATB Staph system was tested against S. aureus strains only.
Vitek system. Susceptibility testing with the Vitek GPS-503 card (bioMérieux) was performed according to the manufacturer's instructions. The cards were inoculated with a 0.5ϫ McFarland suspension of the cells and processed in a Vitek 120 reader-incubator.
RESULTS
All isolates analyzed in this study harbored the mecA gene. The degree of agreement between the results of the reference tests (the PCR amplification of the mecA gene and the oxacillin agar screen plate test) and those of the E-test MIC determination and the automated systems is shown in Table 1 . The discrepant results yielded by at least one of the susceptibility testing methods are presented in Table 2 for S. aureus isolates, and in Table 3 for coagulase-negative staphylococcal isolates.
Two mecA-positive S. aureus isolates, for which the oxacillin MICs were 0.38 and 1 g/ml, did not grow on the oxacillin agar screen plate but expressed heteroresistance when tested by the large-inoculum disk diffusion assay (Table 2) . Of the 76 mecA- 
a Strain had a susceptible zone of inhibition (Ն20 mm with the 5-g oxacillin disk) but had colonies within the zone (heteroresistance).
b Strain had a resistant zone of inhibition (Ͻ20 mm with the 5-g oxacillin disk) and had colonies within the zone (heteroresistance). positive coagulase-negative staphylococcal isolates, 4 did not grow on the oxacillin agar screen plate (Table 3) . Among these four discrepant isolates, two, for which the MICs were 0.25 and 0.75 g/ml, were not detected by the other methods and the others, for which the MICs were 1 and 2 g/ml, were detected by the disk diffusion assay after 48 h of incubation (Table 3) . The distribution of the oxacillin MICs, as determined by the E-test, is presented in Fig. 1 . The MIC for reference strain ATCC 43300 was 16 g/ml. The MICs of oxacillin for 43 (67%) of the S. aureus strains and 46 (60.5%) of the coagulase-negative staphylococcal strains were Յ32 g/ml. Whereas the MICs of oxacillin for most of the heterogeneous S. aureus strains were around 16 g/ml, the MICs for the heterogeneous coagulase-negative staphylococcal strains exhibited a bimodal distribution (Fig. 1) . According to the NCCLS breakpoint (Յ2 g/ml), the E-test identified 3 S. aureus strains ( Table 2 ) and 25 coagulase-negative staphylococcal strains (Table 3) as susceptible strains. Therefore, the percentages of agreement of the E-test with the PCR amplification of the mecA gene and the oxacillin agar screen test were 95.3 and 98.4%, respectively, for the S. aureus strains and 67.1 and 72.4%, respectively, for the coagulase-negative strains ( Table 1) .
The ATB Staph system generated results within 18 h for all strains. Compared to the PCR amplification of the mecA gene, the ATB Staph system failed to detect resistance in 7 (11%) S. aureus isolates (Table 2 ) and 32 (42.1%) coagulase-negative staphylococcal isolates (Table 3) . Among the seven falsely susceptible S. aureus isolates, five expressed heteroresistance when tested by disk diffusion and the MICs for six were Յ16 g/ml (Table 2) . Among the 32 coagulase-negative staphylococcal isolates, with undetected resistance, 24 expressed heteroresistance; 22 were susceptible to oxacillin (oxacillin MICs Յ 2 g/ml), 5 were borderline (MICs Յ 16 g/ml), and 5 (15.6%) were highly resistant (MICs Ͼ 256 g/ml) ( Table 3) .
The Rapid ATB Staph system was tested against S. aureus strains exclusively, as recommended by the manufacturer. Results were provided within 5 h for all isolates. The Rapid ATB expression system yielded 15 (23.4%) false-susceptible results (Table 2) . Thus, the percentages of agreement of the Rapid ATB Staph method with the PCR amplification of the mecA gene and with the agar screen plate test were 76.6 and 79.7%, respectively ( Table 1 ). The MICs of oxacillin for all of the discrepant strains identified in this comparison of results were Յ32 g/ml (Table 2) .
No strain failed to grow in the Vitek GPS-503 card. 
b Strain had resistant zones of inhibition (Ͻ20 mm with the 5-g oxacillin disk) and had colonies within the zone (heteroresistance). c R, resistant; S, susceptible. Table 1) . The MICs for all isolates that were undetectable by the Vitek system were Յ2 g/ml, and all isolates expressed heteroresistance, except for strains 2910 and 1089, which did not express any resistance. None of these isolates was detectable by the ATB Staph or the Rapid ATB Staph system (Tables 1 and 2 ).
DISCUSSION
The purpose of this study was to compare the efficiencies of different commercial and widely used methodologies for the detection of oxacillin heteroresistance. The PCR amplification of the mecA gene and the oxacillin screen plate test were used as the "gold standards." Oxacillin MICs were determined by the E-test. In previous evaluations of automated susceptibility testing methods (13, 37, 38) , the problem was mostly one of accurate detection of oxacillin resistance and not of false resistance to oxacillin. Therefore, we focused the present work on a collection of mecA-positive staphylococci. Fifty percent of the isolates were selected for the study because they exhibited a heterogeneous phenotype when tested by a large-inoculum disk diffusion assay. Therefore, the whole population of strains tested in this study has no epidemiological significance and does not reflect the relative frequencies of staphylococci with heterogeneous phenotypes in our hospital. In order to screen for heteroresistant isolates, we performed the disk diffusion method according to the French recommendations, i.e., with 5-g oxacillin disks and salt-free Mueller-Hinton agar plates incubated at 30°C, except that we increased the inoculum (10 8 instead of 10 7 CFU/ml) and the incubation time (48 instead of 24 h). Although we did not perform the differential inoculum disk diffusion method (4), we observed that most of our heteroresistant isolates were undetectable when the assay was performed with a 10 6 inoculum (data not shown). This and the fact that the oxacillin MICs for 43 (67%) S. aureus isolates and 46 (60.5%) coagulase-negative staphylococcal isolates were low (Յ32 g/ml) suggest a predominance of heterogeneously resistant strains belonging to phenotypic expression class 1 or 2 (4, 28) .
The usefulness of the detection of the mecA gene for the detection of oxacillin resistance has extensively been shown (2, 7, 8, 10, 17, (25) (26) (27) (28) (29) (30) (31) (32) . Several PCR-based methods have successfully been used (7, 27, 29, 30, 32) . In the present work, the preparation of the template from staphylococcal cells was simplified by heating the cells in the presence of a reagent which sequesters cell lysis products (Genereleaser; BioVentures Inc.). This procedure is easy and as efficient as lysostaphin lysis. Moreover, the fact that all heating reactions can be performed on the thermal cycler within a single tube might contribute to the automation of the PCR amplification.
There is a growing consensus in the literature that the oxacillin agar screen plate test (1, 21) is the most reliable phenotypic test for the detection of the oxacillin resistance (7-9, 11, 17, 23, 25, 26, 31, 37) . In the present evaluation, there was concordance between the results of the PCR amplification of mecA and those of the agar screening test, except for two S. aureus isolates and four coagulase-negative staphylococcal isolates. Surprisingly, these two S. aureus strains and two of the four coagulase-negative staphylococcal strains were detectable by the large-inoculum oxacillin disk diffusion assay (Tables 2  and 3 ). Such discrepancies might be resolved by reevaluating the NaCl incorporation of the oxacillin agar plates, as suggested by other investigators (8, 11) . The absence of any growth of coagulase-negative staphylococcal strains 2910 and 1089 may be related to the absence of expression of the mecA gene. Whether the mecA gene was functional and whether the production of PBP 2Ј was inducible in these strains were not investigated. Such mecA-positive strains susceptible to oxacillin, for which the MICs ranged between 0.25 and 2 g/ml, have been found in other studies (7, 11, 22, 27) . The reduced betalactam resistance relies on the down-regulation of mecA transcription (19) and is influenced by auxiliary genes such as mecR, mecI (15) , and the fem genes (5). However, these cryptic methicillin-resistant strains, also called preMRSA (10, 15) , are potentially highly resistant, since they can generate highly resistant subclones in vitro (10, 27) . Therefore, their detection appears to determine the choice of antibiotic therapy and relies only on the detection of the mecA gene.
In this study, the oxacillin MICs were determined by the E-test, which has been reported as a reliable alternative to the conventional agar or broth dilution methods (11, 12, 32, 34) . We found that the E-test was acceptable for detecting oxacillin-resistant S. aureus isolates, as shown by the agreement of 98.4% with the oxacillin agar screen plate results (Table 1) . In contrast, when testing the coagulase-negative staphylococcal isolates, we found only 67.1 and 72.4% agreement with the PCR amplification of mecA and the agar screen test, respectively. However, 25 coagulase-negative staphylococcal strains were misinterpreted as susceptible by the E-test because the oxacillin MICs for them ranged from 0.125 to 2 g/ml. Such mecA-positive coagulase-negative staphylococcal strains for which the oxacillin MICs cluster around 1 or 2 g/ml have also been observed by using conventional MIC determination methods (12, 17, 18) . In agreement with these previous studies, our results suggest that NCCLS MIC interpretative criteria may underestimate oxacillin resistance among coagulase-negative staphylococcal strains. The use of an oxacillin breakpoint of Ն0.5 g/ml for resistance, previously proposed by McDonald et al. (18) , would lead us to revise the MIC interpretations of 16 coagulase-negative staphylococcal isolates in our study and would increase the agreement of the E-test with the PCR of the mecA gene to 94.7%.
The automated methodologies for susceptibility testing are used in a large number of clinical laboratories. A multicentric study focusing on the detection of low-level-expression class reference strain ATCC 43300 (16) showed that the automated methods were generally more reliable than the disk diffusion method. However, in that study, many types of equipment and preprepared MIC panels were represented and the number of laboratories that used any one method was too small to allow comparisons between the different systems. In the present work, we compared the performance characteristics of the ATB Staph, the Rapid ATB Staph, and the Vitek GPS-503 card systems. The ATB Staph system failed to detect oxacillin resistance in 7 (11%) S. aureus isolates and 32 (42.1%) coagulase-negative staphylococcal isolates. The MICs for the falsely susceptible strains were Յ16 g/ml, except for one S. aureus strain ( Table 2 ) and five coagulase-negative staphylococcal strains (Table 3) . Considering the collection of strains tested in this study, the performance of the ATB Staph system can be considered acceptable for testing S. aureus strains, in agree-ment with the great sensitivity reported by other investigators (38) . In contrast, the ATB Staph system generated a high rate of false-susceptible results among the coagulase-negative staphylococcal strains, since its results correlated with the presence of the mecA gene for 44 (57.9%) of the coagulase-negative staphylococcal strains only (Table 1) . This lack of accuracy of commercial systems for the detection of oxacillin-resistant coagulase-negative staphylococci has also been reported for the BBL Crystal MRSA (33) and the rapid fluorogenic MicroScan systems (35) .
The Rapid ATB Staph system, evaluated for S. aureus strains only, misinterpreted as susceptible 15 (23.4%) strains, for which the MICs were all Յ32 g/ml (Table 2) . Therefore, the Rapid ATB Staph system was less reliable than the ATB Staph system, as illustrated by its lower percentage of agreement with the PCR amplification of the mecA gene (76.6 versus 89.0%) ( Table 1 ). In spite of previous data reporting 97 to 99% accuracy for the Rapid ATB Staph system (26), we conclude that the accuracy may not be acceptable when the prevalence of heterogeneously resistant isolates is high.
Among the automated systems tested herein, the Vitek system was the most reliable at detecting oxacillin heteroresistance. None of the 3 (4.7%) S. aureus strains and 15 (19.7%) coagulase-negative staphylococcal strains misdetected by the Vitek system was found to be resistant by the ATB Staph systems. Moreover, the MICs for all these strains were Յ2 g/ml, whereas the ATB systems miscategorized many strains for which the MICs were Ͼ2 g/ml (Tables 2 and 3 ). Considering the percentage of agreement of the Vitek system with the PCR amplification of the mecA gene (95.3%), we found that it is a reliable method for the detection of oxacillin-resistant S. aureus strains. It is difficult to draw a similar conclusion for the coagulase-negative staphylococcal isolates, since the agreement of the Vitek system with the PCR amplification of the mecA gene is only 80.3% (Table 1 ). This failure of the Vitek system to detect oxacillin resistance in some mecA-positive coagulase-negative staphylococcal strains has been reported by other investigators (22, 25) . However, in our study, the lack of accuracy of the Vitek system for the detection of oxacillin resistant coagulase-negative staphylococci is related to the high number of coagulase-negative staphylococcal strains for which the MICs are Յ2 g/ml. False-susceptible results for strains for which the MICs are Յ2 g/ml have been observed with the Microscan system as well (25) . If the NCCLS MIC interpretative criteria were to be revised for coagulase-negative staphylococcal strains, as was previously suggested (18) , the subsequent revision of the expert system softwares would probably increase the accuracy of such automated methodologies. For example, if the Vitek system interpretation could be modified on the basis of an oxacillin breakpoint of Ն0.5 g/ml for resistance, as suggested above, 12 of the 15 coagulase-negative staphylococcal isolates initially undetected by the Vitek system could be classified as resistant. The agreement of the Vitek system with the PCR of the mecA gene would then be 96%.
In this study we did not evaluate the abilities of the commercial systems to differentiate between borderline oxacillinsusceptible and -resistant staphylococci. Recently, Knapp et al. reported the ability of the Vitek system to differentiate borderline-susceptible S. aureus isolates from heterogeneous class 1 and 2 resistant strains and found a correct classification by the Vitek card for 86% of the strains (14) . Concerning the detection of borderline oxacillin-resistant staphylococci, our data emphasize the superiority of the Vitek system over the ATB Staph and the Rapid ATB Staph systems. However, considering that the Vitek system failed to detect mecA-positive staphylococci for which the oxacillin MICs were Յ2 g/ml, a confirmation test remains essential for the treatment of serious infections. This confirmation can be provided by the oxacillin agar screen plate test, which is accessible to all clinical laboratories. However, this test requires 48 h to confirm oxacillin susceptibility. Alternatively, the rapid BBL Crystal MRSA test provides results within 4 h, but it may misclassify some borderline and/or heterogeneously resistant strains (38) , and it is less reliable for coagulase-negative staphylococcal than for S. aureus isolates (33) . Finally, the most rapid and reliable procedure providing the definitive discrimination for such isolates remains the PCR amplification of the mecA gene.
In conclusion, among the commercial systems compared in the present study, we found that the E-test and the Vitek system were the most accurate at detecting oxacillin heteroresistance in staphylococci. The potential revision of the 2-g/ml oxacillin NCCLS breakpoint was previously proposed for coagulase-negative staphylococcal strains (18) and might reduce the relative lack of efficiency of these methods for such strains.
